Abstract The Conrad discontinuity, a boundary between the upper and the lower crusts, has long been identified in many continental crusts. The influence of the Conrad discontinuity on seismic hazards, however, has been rarely known. Strong regional phases corresponding to the waves refracted from the Conrad discontinuity are observed in the Korean Peninsula. These phases show strong amplitudes of 2-4 times larger than those of the direct waves. The observation is confirmed by numerical modeling of waveforms. These observations not only support the existence of the Conrad discontinuity in the Korean Peninsula but also suggest the potential of seismic hazards by the Conrad phases. Such strong Conrad-refracted phases are typically recorded in the Pn coda portion, which may cause overestimation of Pn body-wave magnitudes for regional events.
Introduction
The Conrad discontinuity is a seismically detectable boundary in the continental crust, which has long been identified (e.g., Berry and Fuchs, 1973) . The Conrad discontinuity is absent in oceanic crust and sometimes in continental crust with severe tectonic evolutions (e.g., Litak and Brown, 1989) . It is known that the Conrad discontinuity is not a physical boundary in which rock composition changes but a seismic impedance-contrast boundary since the Soviet superdeep drilling project during 1970 -1994 (Richard, 1989 Pavlenkova, 1993) .
Strong Conrad-reflection phases (e.g., SdS) and Mohoreflection phases (e.g., SmS, PmP) have been reported in some regions (e.g., Somerville et al., 1990; Mori and Helmberger, 1996; Chen, 2003; Liu and Tsai, 2009 ). However, Conrad-refraction phases have rarely been identified. Thus, their importance with respect to seismic hazards has rarely been investigate. Also, the existence of the Conrad discontinuity in the continental regions with severe tectonic evolution history has long been debated (Litak and Brown, 1989; Richard, 1989; Pavlenkova, 1993) . The Korean Peninsula is one of the regions. The Korean Peninsula has experienced complex tectonic history including collisions and a rifting, which might have caused dissolution of the Conrad discontinuity.
In this study, we analyze the seismic waveforms of two regional events that occurred in the Korean Peninsula and resolve Conrad phases with the help of numerical modeling of waveforms and travel times. Also, we discuss the implication of Conrad phases on seismic hazards.
Data and Geology
We analyze two regional events in the Korean Peninsula ( Fig. 1 ; Table 1 ). The event magnitudes are M L 3.9 and The focal mechanisms of the events are presented. The observed Conrad phases (P P , sP , sS , S S , and sS S ) are indicated at every station. Major geological structures are denoted: NM, Nangnim massif; GM, Gyeongsnag massif; YM, Yeongnam massif; PB, Pyeongnam basin; OB, Ongin basin; GB, Gyeongsang basin; and OFB, Okcheon fold belt. M w 4.5. The two events produced strong ground motions around the epicenters. The events were well recorded in the Korean seismic networks, yielding high-quality waveform data. We analyze seismic records at stations with epicentral distances less than 300 km.
The Korean Peninsula is located at the eastern margin of the Eurasian plate and links the North and South China blocks to Japanese Islands. The Korean Peninsula has experienced a series of historic tectonic evolutions including continental collision, rifting, and orogeny, which produced lateral heterogeneities in the lithosphere, such as strong lateral variation of crustal and mantle-lid structures (Chough et al., 2000; Chang and Baag, 2007; Hong et al., 2008; Hong and Kang, 2009; Hong, 2010) . The Korean Peninsula is composed of three Precambrian massifs including Nangnim, Gyeonggi, and Yeongnam massifs (Fig. 1) . It is known that the unification of the three massif blocks into the current shape was completed during the Jurassic period, and the East Sea (Sea of Japan) was opened by continental rifting during the Oligocene and Miocene periods (Chough et al., 2000) .
Analyses and Results
Seismic record sections display clear arrivals of multiple crustal phases from both events. We identify seismic phases observed in the record sections. For comparisons with the observed waveforms, we compute synthetic seismograms based on a propagation-matrix technique (Wang, 1999) . Synthetic seismograms are calculated for three simple 1D crustal velocity models (Fig. 2) . Model A comprises the crustal structure of IASPEI91 (Kennett et al., 1995) overlying a half-space. Models B and C are constructed to include the upper-crustal structure of IASPEI91 over a half-space. Models B and C have the same upper-crustal velocity structure but have different velocities in half-spaces. Model B has a V P of 6:5 km=sec, while model C has a V P of 6:0 km=sec. The S-wave velocities of models B and C for half-spaces are assigned as V P =1:73 with an assumption of a Poisson solid. These models allow us to calculate only the crustal phases, including Conrad-discontinuity phases. The Global Centroid Moment Tensor (CMT; see the Data and Resources section) solution is used for the source mechanism of event E1, and the solution of Lee and Baag (2008) is used for event E2. We conduct a ray tracing, and determine the ray paths of the later phases (Crotwell et al., 1999) . The ray paths and reduced travel-time curves of representative crustal phases are presented in Figure 3 . Vertical velocity seismograms clearly show multiple crustal-phase arrivals .
For event E1, large-amplitude phases, about 2-4 times stronger than Pg, are observed in the Pg coda (Fig. 4) . These phases are identified as the double-refracted Conrad phase P P , which is confirmed by synthetic calculations of travel times and waveforms (Fig. 4) . The strong, later phases are well reproduced from both models A and B (see, central column of Fig. 4 ). Because the Moho discontinuity exists only in model A, we conclude that these phases are not generated by the Moho but the Conrad discontinuity. We also observe clear differences in arrival times for these phases between models B and C (see, right-hand column of Fig. 4 ). The observation supports that the large-amplitude phases are not reflected waves but refracted waves from the Conrad discontinuity.
We also observe another pronounced phase at stations SWO, SES, and ICN between Pn and P P in Figure 4 . We expect similar travel times between the Conrad-refracted phase P and the Moho-reflected phase PmP. Thus, it appears that both P and PmP contribute to this phase, which is also seen for event E2 in Figure 5a . A similar feature is observed between Sn and S S as shown in Figure 6b , Table 1 Source Parameters of the Earthquakes Analyzed in This Study (Jo and Baag, 2007; Lee and Baag, 2008) Figure 2 . A schematic illustration of three crustal models incorporated for calculation of synthetic seismograms. Model A comprises the crustal structure of IASPEI91 (Kennett et al., 1995) overlying a half-space. Models B and C are constructed to include the upper-crustal structure of IASPEI91 over a half-space. The upper-crustal structures are the same between models B and C, but model C has lower velocities in the half-space than model B. The S-wave velocity in the half-space of model C is assigned as V P =1:73 with the assumption of a Poisson solid. Models B and C produce only the upper-crustal phases along with Conrad-discontinuity phases.
where the phase is comprised of both the S Conrad-refraction phase S and the S Moho-reflection phase SmS. In Figure 5a , we find that P P has a similar arrival time with Pg. We rarely find any difference in synthetic waveforms and travel times between models B and C. This observation suggests that the strong phase may be contributed more by Pg than by P P . This feature may be caused due to the source radiation pattern; as shown in Figure 1 , stations GSU, MAS, and JIN have similar azimuths to event E2. This observation suggests that the Conrad-refracted phases are strongly dependent on the source radiation pattern.
In addition, the Conrad-refracted S-depth phases, sP and sS , are identified in Figures 5b and 6a , respectively. Most wave trains display a strong sP of which amplitudes are comparable to those of Pg, while sS shows 2-3 times larger amplitudes than Sg. We also observe strong doublerefracted S Conrad phases, S S and sS S , which have amplitudes that are similar to each other (Fig. 6b) . All the observations are confirmed by synthetic waveforms. The synthetic traces display high similarity in waveforms between models A and B. However, we find that the later phases display arrival-time differences between models B and C (arrows in Figs. 5b and 6 ). The observations indicate that the later, large-amplitude phases are not Conrad-reflected or Mohoreflected phases but Conrad-refracted phases.
The large amplitudes of the Conrad phases allow us to identify these phases easily in the near-regional seismograms. The observed Conrad phases are well reproduced in synthetic seismograms, although slight differences in the arrival times are found between the field and synthetic Moho-refraction and Moho-reflection phases, and corresponding travel-time curves of (b) P and (c) S phases for an event with a focal depth of 12.1 km. The phase names are annotated. The phases include PdP and SdS (Conrad-reflection phases), PdPPdP and SdSSdS (double Conrad-reflection phases), P and S (Conradrefraction phases), sP and sS (Conrad-refraction depth phases), P P and S S (double Conrad-refraction phases), PmP and SmS (Moho-reflection phases), Pn and Sn (Moho-refraction phases), and Pg and Sg (direct waves). seismograms (Figs. 4-6) . The arrival-time misfits may be caused due to incorporation of a 1D crustal model that does not reflect the local heterogeneities in the crust sufficiently.
Discussion and Conclusions
Strong later phases are consistently observed at dozens of stations deployed over the southern Korean Peninsula. We identified the phases with the help of synthetic seismograms based on three different crustal models overlying half-spaces (Fig. 2) . The strong later phases were reproduced from all the models. The observation enables us to rule out the possibility of association of these phases with the Moho. Arrival-time differences of the later phases are clearly observed between models B and C (Figs. 4, 5b, and 6 ). The observation suggests that these phases are not reflected waves but refracted waves. Thus, we confirm that the later, large-amplitude phases are Conrad-refracted phases. The identification of such phases suggests that a Conrad discontinuity exists in the Korean Peninsula, a region with complex tectonic evolution history.
We also find that the strong Conrad phases are important for seismic hazards because they can produce strong ground motion at near-regional distances. Models A and B produce similar synthetic waveforms in the traces after the Mohorefraction and crustal direct phases, which suggests that the large-amplitude phases are associated with the upper-crustal structure. Thus, crustal geologic structures are important for the assessment of ground motions by local and near-regional earthquakes. It is noteworthy that strong Conrad-and Moho-reflected phases (e.g., ScS, SmS, and PmP) are developed from a Conrad and Moho with high impedance contrast (e.g., Somerville et al., 1990; Mori and Helmberger, 1996; Chen, 2003; Liu and Tsai, 2009 ). Thus, large-amplitude Conrad-and Moho-reflected phases are observed in limited regions (e.g., Somerville, et al., 1990; Mori and Helmberger, 1996) . However, strong Conrad-refracted phases are well developed from crustal models. The observation suggests that such Conrad-refracted phases can be observed widely over the globe. Thus careful consideration of the influence of the Conrad-refracted phases may be required for evaluation of seismic hazards.
Also, we find that a strong Conrad-refracted phase P is often observed in the Pn coda portion. Because a Pn bodywave magnitude scaling is based on the wave trains including both Pn and Pn coda, Pn magnitude can be overestimated without careful measurement of phase amplitude. In addition, the identified Conrad phases can provide constraints to refine the upper-crustal structure, which is difficult to study with conventional techniques, such as travel-time tomography of direct waves and receiver function analyses.
Data and Resources
Seismic waveform data used in this study were collected from the 
